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[1] The large solar storms in October–November 2003 caused solar proton events (SPEs)
at the Earth and impacted the middle atmospheric polar cap regions. Although occurring
near the end of the maximum of solar cycle 23, the fourth largest period of SPEs measured
in the past 40 years happened 28–31 October 2003. The highly energetic protons
associated with the SPEs produced ionizations, excitations, dissociations, and dissociative
ionizations of the background constituents, which led to the production of odd hydrogen
(HOx) and odd nitrogen (NOy). NOx (NO + NO2) was observed by the UARS HALOE
instrument to increase over 20 ppbv throughout the Southern Hemisphere polar lower
mesosphere. The NOAA 16 SBUV/2 instrument measured a short-term ozone depletion of
40% in the Southern Hemisphere polar lower mesosphere, probably a result of the HOx

increases. SBUV/2 observations showed ozone depletions of 5–8% in the southern
polar upper stratosphere lasting days beyond the events, most likely a result of the NOy

enhancements. Longer-term Northern Hemisphere polar total ozone decreases of >0.5%
were predicted to last for over 8 months past the events with the Goddard Space
Flight Center two-dimensional model. Although the production of NOy constituents is the
same in both hemispheres, the NOy constituents have a much larger impact in the northern
than the southern polar latitudes because of the seasonal differences between the two
hemispheres. These observations and model computations illustrate the substantial impact
of solar protons on the polar neutral middle atmosphere.
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1. Introduction

[2] Large-scale solar explosions can result in huge fluxes
of high-energy solar protons at the Earth, especially near
solar maximum. A period of time wherein the solar proton
flux at the Earth is elevated for a few days is known as a
solar proton event (SPE).
[3] Solar protons impact both the northern and southern

polar cap regions (>60� geomagnetic latitude) as a result of
the charged particles being guided by the Earth’s magnetic
field. These protons have energies sufficient to impact the
neutral middle atmosphere (stratosphere and mesosphere)
and produce ionizations, dissociations, dissociative ioniza-
tions, and excitations. These atmospheric interactions result
in the production of both HOx (H, OH, HO2) and NOy (N,

NO, NO2, NO3, N2O5, HNO3, HO2NO2, HONO, ClONO2,
ClNO2, BrONO2) constituents either directly or through a
photochemical sequence [e.g., Swider and Keneshea, 1973;
Crutzen et al., 1975; Jackman et al., 1980; Solomon et al.,
1981; McPeters, 1986; Zadorozhny et al., 1992]. These
HOx and NOy enhancements subsequently cause decreases
in ozone [e.g., Weeks et al., 1972; Heath et al., 1977;
Solomon et al., 1983; Jackman et al., 1990; Krivolutsky et
al., 2003; Jackman and McPeters, 2004].
[4] A very active solar period near the end of solar cycle

23 maximum happened in October–November 2003. Sev-
eral solar explosions resulted in SPEs in late October and
early November 2003. An especially vigorous period of
high fluxes of energetic protons occurred 28–31 October
2003. Seppälä et al. [2004] have shown significant effects
from the October–November 2003 SPEs in the Northern
Hemisphere polar winter with GOMOS/Envisat data. We
provide further evidence of a large middle atmospheric
impact from these SPEs using NOAA 16 SBUV/2 and
UARS HALOE measurements of the Southern Hemisphere
polar atmosphere. We also show global model simulations
to aid in the analysis of these polar impacts.
[5] In this paper we discuss the measured and modeled

impacts of the protons ejected by the Sun in October–
November 2003 on the Earth’s middle atmosphere. This
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paper contains six primary sections, including the introduc-
tion. The solar proton flux measurements and energy
deposition are presented in section 2. The production of
odd hydrogen (HOx) and odd nitrogen (NOy) by the solar
protons is discussed in section 3. Observations of NOx

(NO + NO2) and ozone change as a result of the October–
November 2003 SPEs are given in section 4. The GSFC
two-dimensional model used to simulate the impact of the
disturbed time period and model predictions of the SPEs’
influence are presented in section 5. Finally, conclusions are
given in section 6.

2. Proton Measurements/Energy Deposition

2.1. Solar Proton Flux Measurements

[6] An accessible and useful proton flux data set is
provided by the National Oceanic and Atmospheric Admin-
istration (NOAA) Space Environment Center (SEC) for the

NOAA Geostationary Operational Environmental Satellites
(GOES) (see http://sec.noaa.gov/Data/goes.html). Proton
fluxes are provided at this site in several energy intervals
(>1 MeV, >5 MeV, >10 MeV, >30 MeV, >50 MeV, and
>100 MeV), updated every 5 min. The GOES 11 data are
considered most reliable for proton fluxes depositing energy
into polar latitudes and were used as the proton flux source
for this study. These proton flux measurements are given in
Figure 1 for the 26 October through 7 November 2003 time
period. The largest proton fluxes of year 2003 were
recorded 28–30 October. Protons with energies >100 MeV
are fast-moving and arrive in the near Earth environment
early in the solar event. These high-energy protons deposit
the bulk of their energy in the polar stratosphere. Lower-
energy (and slower moving) protons with energies near
1 MeV arrive later, but fluxes at these lower energies can
remain elevated for a longer period of time. These lower
energy protons, between about 1 and 30 MeV, deposit the
bulk of their energy in the mesosphere.

2.2. Energy Deposition

[7] The calculation of the energy deposition of the pro-
tons in the atmosphere used a methodology discussed by
Vitt and Jackman [1996]. Precipitating protons primarily
lose their energy in the creation of ion pairs in the
atmosphere. An ion pair is created when a precipitating
proton removes an electron (called a secondary electron)
from the neutral molecule or atom, leaving behind a positive
ion. The protons impart energy onto the secondary electrons
and these freed charged particles also cause further ioniza-
tions in the atmosphere.
[8] The hourly average ion pair production profiles were

computed from the GOES 11 proton fluxes and are pre-
sented in Figures 2 and 3. Figure 2 shows the ion pair
production rates over the entire 26 October through
7 November 2003 time period, whereas Figure 3 is an
enlargement of the very intense period, 28–31 October
2003. Ion pair production rates of greater than
1000 cm�3s�1 were computed down to 10 hPa (�32 km)

Figure 1. GOES 11 proton flux measurements in 2003 for
energies >1 MeV (solid line) and >100 MeV (dashed line).
These data are provided by the NOAA SEC at their Web
site (http://sec.noaa.gov/Data/goes.html).

Figure 2. Ion pair production rates for 2003 using the
GOES 11 proton flux measurements for 26 October
through 7 November with contour levels 100, 1000, and
10,000 cm�3 s�1. The dark gray highlighted areas indicate
ion production rates greater than 10,000 cm�3 s�1. The light
gray highlighted areas indicate ion production rates greater
than 1000 but less than 10,000 cm�3 s�1.

Figure 3. Ion pair production rates for 2003 using the
GOES 11 proton flux measurements for 28–31 October
with contour levels 100, 200, 500, 1000, 2000, 5000, and
10,000 cm�3 s�1. The dark gray highlighted areas indicate
ion production rates greater than 10,000 cm�3 s�1. The light
gray highlighted areas indicate ion production rates greater
than 1000 but less than 10,000 cm�3 s�1.
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during this very intense period. Very large ion rates
(>10,000 cm�3s�1) were computed on 2 days, 28–
29 October, throughout the polar cap in the mesosphere.
Such large impacts to the polar middle atmosphere are very
uncommon, typically only occurring a few times during a
particular solar maximum period.

3. Odd Hydrogen (HOx) and Odd Nitrogen (NOy)
Production

3.1. Odd Hydrogen (HOx) Production

[9] Along with the ion pairs, the protons and their
associated secondary electrons also produce odd hydrogen
(HOx) and odd nitrogen (NOy). The production of HOx

relies on complicated ion chemistry that takes place after the
initial formation of ion pairs [Swider and Keneshea, 1973;
Frederick, 1976; Solomon et al., 1981]. Solomon et al.
[1981] computed HOx production rates as a function of
altitude and ion pair production. Some of these computa-
tions are given in Table 1 for background ion pair produc-
tion rates of 102, 103, and 104 cm�3s�1. Each ion pair
typically results in the production of around two HOx

constituents in the upper stratosphere and lower mesosphere
(see Table 1). In the middle and upper mesosphere, an ion
pair is computed to produce less than two HOx constituents
per ion pair.

3.2. Odd Nitrogen (NOy) Production

[10] Odd nitrogen is produced when the energetic charged
particles collide with and dissociate N2. Following Porter et
al. [1976] we assume that 1.25 N atoms are produced per
ion pair. The Porter et al. [1976] study also further divided
the proton impact of N atom production between ground
state (�45% or �0.55 per ion pair) and excited state (�55%
or �0.7 per ion pair) nitrogen atoms. Ground state [N(4S)]
nitrogen atoms can create other NOy constituents, such as
NO, through

N 4S
� �

þ O2 ! NOþ O ð1Þ

or can lead to NOy destruction through

N 4S
� �

þ NO ! N2 þ O: ð2Þ

Generally, excited states of atomic nitrogen, such as N(2D),
result in the production of NO through [e.g., Rusch et al.,
1981; Rees, 1989]

N 2D
� �

þ O2 ! NOþ O ð3Þ

and do not cause significant destruction of NOy. Rusch et al.
[1981] showed that there are huge differences in the final
results of model computations of NOy enhancements from
SPEs that depend strongly on the branching ratios of the N
atoms produced. We currently do not include any of the
excited states of atomic nitrogen (e.g., N(2D), N(2P), and
N+) as computed constituents in our model. In order to best
represent the production of NOy constituents by the protons
and their associated secondary electrons, we assume that
45% of the N atoms produced per ion pair result in the
production of N(4S) {�0.55 per ion pair} and that 55% of
the N atoms produced per ion pair result in the production
of NO {�0.7 per ion pair}.
[11] The SPEs of 28–31 October 2003 were very large

and can be compared with other huge SPEs in the past.
These 28–31 October 2003 SPEs were computed to have
produced 3.4 � 1033 NOy molecules. Only three other SPEs
in the past 40 years were larger including the events of 19–
27 October 1989 (6.7 � 1033 NOy molecules), 2–10 August
1972 (3.6 � 1033 NOy molecules), and 14–16 July 2000
(3.5 � 1033 NOy molecules) [e.g., see Jackman et al.,
2001]. The number reported here for the July 2000 SPE is
slightly larger than that reported by Jackman et al. [2001]
since GOES 8 proton fluxes are used in this work, whereas
GOES 10 proton fluxes were used by Jackman et al. [2001].
The GOES 8 data are considered more reliable than the
GOES 10 data for proton fluxes depositing their energy in
polar latitudes (T. Onsager, NOAA SEC, private communi-
cation, 2003).

4. Observations of Southern Hemisphere Polar
Atmospheric Influence

4.1. Ozone

[12] The large ionization rates (see Figures 2 and 3)
translate into very significant production of HOx and NOy.
Both of these families are capable of catalytically destroying
ozone. The NOAA 16 SBUV/2 satellite provides daily
ozone data at particular altitudes [Hilsenrath et al., 1995].
These SBUV/2 data can be turned into daily maps using
interpolation along the orbital tracks and filling between
successive orbits with the Delauney triangulation method
discussed by Stolarski et al. [1997]. The six plots in Figure 4
indicate ozone amounts at 0.5 hPa (�55 km) from 27
October through 1 November 2003. The 27 October data
show ozone before the most intense period of proton fluxes.
Proton fluxes start to pick up on 28 October and reach peak
levels on 29 October (see Figure 1). Ozone levels are
reduced very significantly (20–40%) on this day. The
outline of the polar cap (>60�S geomagnetic), where the
solar protons are predicted to interact with the atmosphere,
is indicated by the thick white oval in all plots. Other days
(30 October through 1 November) show varying ozone
amounts that are directly linked to the proton flux varia-
tions. Figure 4 illustrates the dramatic reduction in the
ozone amounts at this level in or near the polar cap during

Table 1. HOx Constituents Produced Per Ion Pair as a Function

of Altitude for Baseline Ionization Rates (BIR) of 102, 103, and

104 cm�3s�1

Altitude,
km

HOx Production per Ion Paira

BIR –
102 cm�3s�1

BIR –
103 cm�3s�1

BIR –
104 cm�3s�1

40 2.00 2.00 1.99
45 2.00 1.99 1.99
50 1.99 1.99 1.98
55 1.99 1.98 1.97
60 1.98 1.97 1.94
65 1.98 1.94 1.87
70 1.94 1.87 1.77
75 1.84 1.73 1.60
80 1.40 1.20 0.95
85 0.15 0.10 0.00
90 0.00 0.00 0.00
aThese HOx production rates were taken from Solomon et al. [1981].
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this period and the relatively rapid ozone recovery after the
maximum intensity of the solar event.
[13] Ozone on six pressure levels at geographic latitudes

70�–82�S are indicated in Figure 5. This graph illustrates
the ozone variation during the SPEs at 0.5, 1, 2, 4, 7, and
10 hPa from 26 October through 1 November. It is fairly
clear that ozone has decreased at the highest two levels (0.5
and 1 hPa) from 28–30 October during the maximum
intensity of the solar protons in 2003. The SPE-caused
ozone changes at the lower four levels are less obvious since
they are concealed by the sinusoidal ozone variations. These
ozone fluctuations at 2, 4, 7, and 10 hPa are not caused by
24-hour oscillations; rather they are the result of measure-
ments at different longitudes within the polar cap as a
function of time.

4.2. NOx (NO + NO2)

[14] The Upper Atmosphere Research Satellite (UARS)
Halogen Occultation Experiment (HALOE) measured NO
and NO2 during these SPEs at high southern latitudes.
HALOE measured NO and NO2 (NOx) from 12–15 Octo-
ber over the 71�–74�S latitude range at sunrise before the
SPEs. The average of these measurements is shown in
Figure 6. Note that NOx reaches a maximum of �11 ppbv
at about 3 hPa and then decreases rapidly to less than
1 ppbv by 0.3 hPa and stays at those reduced levels up to
0.01 hPa. NOx then increases rapidly to levels over 20 ppbv
by 0.004 hPa.
[15] HALOE next viewed these high southern latitudes

(62�–75�S) in the period 30 October through 7 November,

this time at sunset, during and after the solar event period.
Since NO and NO2 are tightly coupled and the quantity
NO + NO2 is highly conserved during a 24-hour period in
the upper stratosphere and mesosphere, it is possible to
compare sunrise NOx measurements with sunset NOx mea-
surements and derive the perturbed atmospheric NOx values
for a short period (approximately a week). This was done in
constructing Figure 7, which shows the excess NOx beyond
the baseline amounts in Figure 6. A seven-point ‘‘boxcar’’
running average is applied to these HALOE data in this
figure.
[16] NOx values greater than 100 ppbv were produced in

the middle to upper mesosphere (0.03 to 0.006 hPa) for 30–
31 October. Increases in NOx greater than 20 ppbv were
found in the lower mesosphere throughout the time period
(30 October through 7 November). These are clearly huge
increases above the baseline values less than 1 ppbv and
illustrate the dramatic change in middle atmospheric NOx

due to these SPEs. We next employ our global model in

Figure 4. NOAA 16 SBUV/2 Southern Hemisphere polar
ozone in ppmv for 6 days (27 October through 1 November)
around the peak proton flux intensity in October–
November 2003. The solid white circle indicates the
southern polar cap boundary (60�S geomagnetic).

Figure 5. Polar Southern Hemisphere ozone observations
from NOAA 16 SBUV/2 measurements for the 0.5, 1, 2, 4,
7, and 10 hPa levels during the 26 October through
1 November 2003 time period. The colored symbols with
connected color lines indicate the measurements and the
horizontal dashed-dotted lines indicate approximate average
background observations. The symbols represent the
average ozone abundance for each orbit at the specified
pressure levels. Note that the 7 and 10 hPa data have been
offset vertically for clarity.
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simulations ‘‘with’’ and ‘‘without’’ the SPEs to aid in
understanding these significant polar perturbations.

5. Model Predictions

5.1. Model Description

[17] The latest version of the Goddard Space Flight
Center (GSFC) two-dimensional (2D) atmospheric model
was used to predict the impact of solar protons on the
atmosphere. This model was first discussed about 15 years
ago [Douglass et al., 1989; Jackman et al., 1990] and has
undergone extensive improvements over the years [e.g.,
Considine et al., 1994; Jackman et al., 1996; Fleming et
al., 1999]. The vertical range of the model, equally spaced
in log pressure, is from the ground to approximately 90 km
(0.0024 hPa) with approximately a 2 km grid spacing.
Latitudes range from 85�S to 85�N with a 10� grid spacing.
[18] The transport is derived using the global winds and

temperatures from the United Kingdom Meteorological
Office (UKMO) data assimilation system for the years
1992–2000 and is described by Fleming et al. [2002]. For
this paper we constructed a climatological average of the
transport over these years and applied it over the simulated
period from 2003 to 2005.
[19] The GSFC 2D chemistry solver has undergone

significant upgrades in the past year. The ground boundary
conditions for source gases N2O, CH4, CO2, CFCl3,
CF2Cl2, C2Cl3F3, C2Cl2F4, C2ClF5, CCl4, CH3CCl3,
CHClF2, C2H3FCl2, C2H3F2Cl, C2HF3Cl2, CBrClF2,
CBrF3, CBr2F2, and C2Br2F4 are taken from World Mete-
orological Organization (WMO) [2003] for the particular
simulated year. The ground boundary conditions for CO are
assumed to be 150 ppbv in the Northern Hemisphere and 50
ppbv in the Southern Hemisphere. Water vapor (H2O) is
computed as described by Fleming et al. [1995] and HNO3

is transported and computed separately from other NOy

species. A diurnal average computation is performed for
these 19 source gases and HNO3 without a diurnal cycle
computation.

[20] The model computes seven chemical families, which
include: (1) O3; (2) O(

3P), O(1D), and O2(
1
D); (3) H, OH,

HO2, and H2O2; (4) N, NO, NO2, NO3, N2O5, HO2NO2,
and HONO; (5) Cl, ClO, HCl, HOCl, ClONO2, ClO3,
OClO, Cl2O2, Cl2, and ClNO2; (6) Br, BrO, HBr, HOBr,
BrONO2, Br2, and BrCl; and (7) CH2O, CH3O2, and
CH3OOH. A diurnal cycle is computed for all thirty-five
of these constituents within the seven families using the
technique developed for the Atmospheric Environmental
Research (AER) 2D model [Weisenstein et al., 1991, 2004;
Rinsland et al., 2003]. The scheme allows for ten time steps
in the day and five time steps in the night of a 24-hour
period. The technique also provides a computation at
sunrise and sunset, which allows easy comparisons with
satellite solar occultation measurements. The seven fami-
lies, 19 source gases and HNO3 are all transported sepa-
rately once each 24-hour period. The photochemical gas and
heterogeneous reaction rates and photolysis cross sections
are updated to the latest Jet Propulsion Laboratory recom-
mendations [Sander et al., 2003] for these computations.

5.2. Model Simulations

[21] The GSFC 2D model was used in two primary
simulations, ‘‘base’’ and ‘‘perturbed,’’ for the years 2003–
2005. The base simulation includes no SPEs, whereas the
perturbed simulation includes all SPEs in the period 26
October through 7 November 2003.
[22] The starting conditions for both the base and per-

turbed simulations were provided by a time dependent
‘‘spin-up’’ simulation from January 1980 through Septem-
ber 2003, which included the appropriate source gas bound-
ary conditions from WMO [2003]. The base simulation
continued this time dependent computation over the years
October 2003 through December 2005.
[23] The perturbed simulation started from the end of the

spin-up simulation and also included the HOx and NOy

production by the October–November 2003 SPEs in
the northern and southern polar regions. The HOx produc-

Figure 6. HALOE NOx (NO + NO2) average of sunrise
measurements taken in the polar Southern Hemisphere
(71�–74�S) from 12 to15 October 2003. Used as baseline to
compute October–November 2003 SPEs influence.

Figure 7. Polar Southern Hemisphere NOx (NO + NO2)
change from ambient atmosphere amounts caused by
October–November 2003 SPEs from HALOE sunset
measurements taken 30 October through 7 November
between 62� and 75�S subtracted from the baseline values
given in Figure 6. Contour levels are 2, 5, 10, 20, 50, and
100 ppbv.
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tion by the SPEs was included by scaling the ion pair
production rates given in Figure 2 with the values provided
in Solomon et al. [1981, Figure 2], which showed the HOx

production as a function of altitude and ion pair production
rate. Additional discussion of HOx production by SPEs is
given in section 3.1.
[24] The NOy production by the SPEs was included by

scaling the ion pair production rates given in Figure 2
assuming 0.55 N(4S) atoms per ion pair and 0.7 NO
molecules per ion pair. More discussion of these NOy

scaling factors is included in section 3.2.
[25] Solar protons generally impact both hemispheres

over the entire polar cap region (poleward of a cutoff
geomagnetic latitude of about 60�) with relatively minor
access outside this region. Although there is some deviation
to this assumption for certain SPEs [Blake et al., 2001;
Leske et al., 2001], the Oct.–Nov. 2003 SPEs generally
followed this supposition (e.g., see Figure 4).
[26] For the purposes of this study, we assumed that the

solar protons deposited their energy in both hemispheres at
geomagnetic latitudes above 60�. Since our model is based
on a geographic latitude coordinate and since the geomag-
netic poles are offset by about 11� from the geographic
poles, this results in weightings for particle influences of 1.0
for model grid boxes centered on ±85�, 0.98 for ±75�, 0.60
for ±65�, 0.31 for ±55�, 0.02 for ±45�, and 0.0 for all other
latitudes.

5.3. Short-Term Computed Constituent Changes Due
to SPEs

5.3.1. NOx

[27] There are very significant atmospheric changes sim-
ulated during and shortly after the SPEs that occurred in
Oct.–Nov. 2003. The modeled NOx changes from SPEs are
computed by subtracting the base from the perturbed
simulation and are given in Figure 8. Enhancements in
NOx are computed as early as 26 October due to the
increased proton fluxes evident on that day in Figure 1.

The NOx changes maximized above 100 ppbv on 30
October near 0.01–0.02 hPa, just after the huge enhanced
proton fluxes during the peak of this solar active period.
NOx increases >50 ppbv in the lower mesosphere (0.2–
0.4 hPa) continued through about Nov. 5.
[28] The modeled NOx changes are fairly similar to the

HALOE measurements. For example, both the model and
measurements show (1) the largest NOx enhancements
above 0.1 hPa; (2) the NOx endurance is longest below
0.1 hPa; and (3) the enhancements are quantitatively similar
throughout most of the pressure domain and over most of
the time period.
[29] There are some differences between the modeled

NOx changes and the HALOE measurements. For example,
it does appear that the NOx above 0.1 hPa is reduced more
rapidly in the observations than simulated. This difference
may be related to the fact that the model results are all taken
at 75�S, whereas the measurements are a combination
of measurements from 75�S (30 October) down to 62�S
(7 November).
5.3.2. OH
[30] Among the largest computed atmospheric changes

due to the Oct.–Nov. 2003 SPEs are those of OH. The OH
computed changes are shown in Figure 9a in the Southern
polar cap region. We show model computations for 85�S,
deep within the polar cap to insure that the full impact of the
solar protons is computed. Increases of OH greater than
100% were calculated for days 28–30 October and 3–4
November in the mesosphere. Enhancements of OH greater
than 10% only extended to the stratosphere on 3 days, 28–
30 October. These OH increases are largest during the SPEs
and the OH enhancements persisted only for a few hours
after the SPEs (see Figure 2). HOx constituents are very
reactive with each other and thus have a relatively short
lifetime [e.g., Solomon et al., 1981].
5.3.3. Ozone
[31] The produced HOx constituents drive practically all

the ozone depletion in the mesosphere and the upper
stratosphere during the SPEs. Several HOx catalytic de-
struction cycles are important in the mesosphere and strato-
sphere. For example, the catalytic cycle

Hþ O3 ! OHþ O2 ð4Þ

OHþ O ! Hþ O2

Net O3 þ O ! O2 þ O2

is important in the middle and upper mesosphere and the
catalytic cycle

OHþ O3 ! HO2 þ O2 ð6Þ

HO2 þ O ! OHþ O2

Net O3 þ O ! O2 þ O2

is important in the lower mesosphere and upper
stratosphere.

Figure 8. Polar Southern Hemisphere NOx (NO + NO2)
change from ambient atmosphere amounts caused by
October–November 2003 SPEs from GSFC 2D model
results from 26 October through 7 November, which were
computed by subtracting the base from the perturbed
simulation. Contour levels are 2, 5, 10, 20, 50, and
100 ppbv.

ð5Þ

ð7Þ
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[32] Substantial ozone decreases are computed in the
mesosphere and shown in Figure 9b. Decreases greater than
70% are calculated on 29 October between 0.2 and
0.007 hPa. Short-lived ozone depletions >30% are calcu-
lated for the mesosphere in two periods, 28–31 October and
3–4 November, roughly corresponding to the altitude range
and periods of enhanced OH levels >50%.
[33] More continuous computed ozone decreases (>5%)

in the lower mesosphere and upper stratosphere are apparent
over the 28 October through 7 November period. These
longer-term ozone depletions are caused by the NOx

enhancements from the SPEs for that region of the atmo-
sphere (see Figures 7 and 8). The slight oscillation in the
computed ozone change values is caused by the 24-hour
variation in solar zenith angle at 85�S. The SPE-caused
ozone depletion has a fairly strong solar zenith angle
dependence.
[34] It is not possible to compare our modeled ozone

changes with the HALOE measurements. The base
HALOE ozone measurements before the SPEs (see,
also, section 4.2) were taken at sunrise in the southern
polar region, whereas the perturbed measurements were
taken at sunset in approximately the same geographic
region. Since mesospheric ozone changes dramatically
over a 24-hour period, a comparison of these sunrise
and sunset measurements would lead to an inaccurate
quantitative ozone change. We are, however, able to
compare to NOAA-16 SBUV/2 ozone measurements
(see Figure 5).
[35] In order to effectively compare our modeled ozone

changes to these SBUV/2 measurements, we compute a
‘‘smoothed’’ 13-point running boxcar average of those data
for the four pressure levels 2, 4, 7, and 10 hPa. The
smoothing is applied to reduce the periodic oscillations
discussed at the end of section 4.1 for easier interpretation
of longer-term ozone changes. These SBUV/2 ozone data
(smoothed for 2, 4, 7, and 10 hPa; and nonsmoothed for 0.5

and 1 hPa) are presented in Figure 10. Large ozone
decreases are evident at the higher altitudes with 10, 30,
and 40% maximum decreases on 29 October at 2, 1, and
0.5 hPa, respectively.
[36] Longer-term SBUV/2 ozone depletion between 5 and

8% are observed at levels 2, 4, and 7 hPa. The model
calculated ozone depletions are given in Figure 10 and
represented via the solid black line at each pressure level.
The computed ozone at each pressure level is slightly
different from the measured values, thus for ease of
comparison the percentage modeled ozone deviations
from the horizontal reference values (represented by the
light dash-dot lines) are shown. These reference values
are: 1.73 ppmv (0.5 hPa), 3.0 ppmv (1 hPa), 4.8 ppmv
(2 hPa), 6.24 ppmv (4 hPa), 6.3 ppmv (7 hPa), and
5.7 ppmv (10 hPa).

Figure 9. Southern Hemisphere polar cap (85�S) GSFC
2D model results from 26 October through 7 November,
which were computed by comparing the perturbed to the
base simulation for (a) OH percentage change with contour
levels +5, +10, +20, +50, +100, +200, and +500% and
(b) O3 percentage change for contour levels �5, �10, �30,
�50, and �70%.

Figure 10. Polar Southern Hemisphere ozone observa-
tions from NOAA 16 SBUV/2 measurements for the 0.5, 1,
2, 4, 7, and 10 hPa levels during the 26 October through 1
November 2003 time period. As in Figure 5, the colored
symbols with connected color lines indicate the measure-
ments and the horizontal dashed-dotted lines indicate
approximate average background observations. The
SBUV/2 measurements for the lower four levels (2, 4, 7,
and 10 hPa) were smoothed with a 13-point sliding boxcar
average. GSFC 2D model results are represented by the
solid black line. Note that the 7 and 10 hPa data have been
offset vertically for clarity.
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[37] The modeled ozone change represents fairly well the
SBUV/2 maximum decreases at the highest levels (0.5 and
1 hPa), however, at lower levels the model does less well.
The model appears to predict a larger (smaller) ozone
decrease as a result of the SPEs at 1 and 2 hPa (4 and
7 hPa) for the last three days of the plot (30 October through
1 November).
[38] The ‘‘apparent’’ measured ozone change at 10 hPa

is noteworthy as no ozone decrease has been observed
during a SPE at this low an altitude. Our model (solid
black line) predicts no ozone change as a result of the
Oct.–Nov. 2003 SPEs at this pressure level. Another strato-
spheric ozone phenomenon is also ongoing at this time of
the year, the ‘‘Antarctic ozone hole.’’ Further investiga-
tion into the apparent measured ozone changes has
revealed that these decreases are caused by ozone deple-
tions at pressures higher than 10 hPa being dynamically
driven upward to cause a fluctuation in ozone at this
higher altitude.

5.4. Long-Term Computed Constituent Changes Due
to SPEs

5.4.1. NOy

[39] The enhancements of NO and NO2 from SPEs
elevate the amount of other NOy constituents over the
course of a few days. The NOy family can have a lifetime
of months to years, if it is transported to the middle and
lower stratosphere [e.g., Jackman et al., 2000; Randall et
al., 2001]. The percentage change of NOy in the
Polar Regions, 50�–90�S and 50�–90�N, is computed for
21=4 years and shown in Figures 11 and 12. NOy enhance-

ments >10% persist for only about five months in the
middle atmosphere in the Southern polar region. The
sunlight is intense during this period in the Southern
Hemisphere (SH) and odd nitrogen is rapidly lost via

NOþ hn < 191 nmð Þ ! Nþ O ð8Þ

followed by

Nþ NO ! N2 þ O ð9Þ

The winds are also generally upward in the late spring/
summer seasons, thus NOy constituents are transported
upward to the higher altitudes, where the loss process is
greater.
[40] This two-step loss process represented by reac-

tions (8) and (9) goes much slower in the Northern
Hemisphere (NH) at this time of year (late fall/winter)
due to the lower amount of sunlight. NOy enhancements
>10% endure for nearly 9 months in the middle atmo-
sphere with the strongest persistence in the middle
stratosphere. Computed NOy enhancements >2% even
persist for over 2 years past the SPEs in the low to
middle stratosphere.
[41] In summary, although the production of NOy con-

stituents is the same in both hemispheres, the NOy constit-
uents have a much larger impact in the northern polar
latitudes than the southern polar latitudes. This is caused
by the seasonal differences between the two hemispheres at

Figure 11. GSFC 2D model computed percentage changes
in NOy and O3 for the polar Southern Hemisphere area
(50�–90�S) in the time period October 2003 through
December 2005 resulting from the October–November
2003 SPEs. Contour levels for NOy (top plot) are 0, +1, +2,
+10, +20, and +100%. The gray highlighted areas for NOy

indicate increases of greater than 10%. Contour levels for
O3 (bottom plot) are �2, �1, �0.2, 0, and +0.2%. The gray
highlighted areas for O3 indicate decreases greater than 2%.
These changes were computed by comparing the perturbed
to the base simulation.

Figure 12. GSFC 2D model computed percentage
changes in NOy and O3 for the polar Northern Hemisphere
area (50�–90�N) in the time period October 2003 through
December 2005 resulting from the October–November
2003 SPEs. Contour levels for NOy (top plot) are 0, +1, +2,
+10, +20, and +100%. The gray highlighted areas for NOy

indicate increases of greater than 10%. Contour levels for
O3 (bottom plot) are �10, �2, �1, �0.2, 0, and +0.2%. The
gray highlighted areas for O3 indicate decreases greater than
2%. These changes were computed by comparing the
perturbed to the base simulation.
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the time the event occurred, i.e., fall/winter in NH, spring/
summer in SH (see Figures 11 and 12).
5.4.2. Ozone
5.4.2.1. Profile Ozone
[42] Associated ozone decreases follow the enhanced

NOy amounts. Ozone is reduced by the NOx constitu-
ents through the following primary catalytic destruction
cycle:

NOþ O3 ! NO2 þ O2 ð10Þ

NO2 þ O ! NOþ O2

Net O3 þ O ! O2 þ O2

This NOy-caused catalytic destruction process acts on ozone
over a period of time leading to ozone loss at lower altitudes
(middle to lower stratosphere), essentially wherever NOy is
transported (see Figures 11 and 12). More ozone loss is
predicted in the northern polar region simply because more
NOy survives in this hemisphere. Ozone decreases >2%
persist for 13 months past the SPEs in the middle
stratosphere.
[43] SPE-produced ozone increases are computed for

years 2004–2005 below about 30 hPa. These increases
are caused by the interference of the long-lived SPE-
produced NOy with the chlorine and bromine loss cycles
for ozone destruction. This characteristic has been noticed
before in other studies of very large SPEs [e.g., Jackman et
al., 2000].
5.4.2.2. Total Ozone
[44] The impact of the Oct.–Nov. 2003 SPEs on total

ozone is shown in Figure 13. Total ozone is reduced by a
maximum of about 1% for about three months in the winter/
early spring of the Northern polar region. These maximum
total ozone changes are not predicted to occur during the

SPEs; rather the transport of the enhanced NOy to lower
altitudes (and higher ambient ozone amounts) allows more
substantial total ozone impact. Total ozone reductions
>0.5% are predicted to persist for over 8 months in the
Northern polar latitudes. Total ozone depletions in the
Southern Hemisphere are predicted to be much less with
levels never exceeding 0.5%.

6. Conclusions

[45] The impact of the large solar storms in October–
November 2003 with their accompanying solar protons on
the Earth’s middle atmospheric polar cap regions was
measured and modeled. There were several periods of
intense proton fluxes entering the atmosphere with the most
intense occurring 28–31 October 2003, the fourth largest
period of SPEs in the past 40 years. HOx constituents were
predicted to increase substantially over the 26 October
through 7 November period with computed enhancements
of >100% in mesospheric OH for a few days. NOy con-
stituents were measured and predicted to increase as well.
The NOx (NO + NO2) amount was observed to increase by
over 20 ppbv throughout the Southern polar mesosphere
with the UARS HALOE instrument; similar increases were
computed by the GSFC 2D model.
[46] The computed HOx enhancements caused middle to

upper mesospheric ozone depletions of >70% during the
most intense period of solar protons (29 October). The
NOAA 16 SBUV/2 instrument measured a short-term ozone
depletion of 40% and 30% at 0.5 hPa (lower mesosphere)
and 1 hPa (upper stratosphere), respectively, and were
probably a result of the HOx increases. SBUV/2 observa-
tions showed ozone depletions of 5–8% in the polar upper
stratosphere lasting days beyond the events, most likely a
result of the NOy enhancements. Longer-term Northern
Hemisphere polar total ozone decreases of >0.5% were
predicted to last for over eight months past the events with
the GSFC 2D model. Clearly, the October–November 2003
SPEs were responsible for a substantial perturbation to the
polar neutral middle atmosphere.
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